GATA-6 mRNA utilizes two Met-codons in frame as translational initiation codons in cultured mammalian cells. Deletion of the nucleotide sequence encoding the PEST sequence between the two initiation codons unusually reduced the protein molecular size on SDS-polyacrylamide gel-electrophoresis. The reduced molecular size is ascribed to the molecular property of GATA-6, since both amino-and carboxylterminal tags introduced into GATA-6 were detected on the gel. This PEST sequence seems to contribute to expansion of the long-type GATA-6 molecule. The long-type GATA-6 containing the PEST sequence exhibits more activation potential than that without this sequence, the latter's activity being similar to that of the short-type GATA-6. We further demonstrated that human colon and lung cancer cell lines express both the long-type GATA-6 and the short-type GATA-6 in their nuclei.
INTRODUCTION
Transcription factor GATA-6 contains tandem zinc fingers (CVNC-X17-CNAC)-X29-(CXNC-X17-CNAC) and recognizes a canonical DNA motif (A/T)GATA(A/G) [1, 2] . It regulates the expression of various genes required for developmental processes and tissue-specific functions [3] . Among mammalian GATA factors, GATA-6 is distinct in that it has a 146 extra-amino terminal extension compared with five other members [3, 4] .
In vitro transfection of an expression plasmid for GATA-6 into cultured cells produced both long-type and short-type GATA-6, which are denoted as the L-type and S-type, respectively, from a single gene [4] . The same is true on in vitro translation of GATA-6 mRNA [5] . Sitedirected mutagenesis and deletion studies suggested that the translation of S-type GATA-6 could be due to the leaky scanning of Met codons by ribosomes, but not the presence of an internal ribosome entry site in front of the coding region for S-type GATA-6 [4] . Furthermore, deletion of the protein sequence between Glu-31 and Cys-46, which is a typical PEST sequence closely related to protein degradation [6] , in the L-type specific sequence reduced unusually the apparent molecular size [4] . To further study biological significance of the PEST sequence in the L-type GATA-6, molecular properties of L-type GATA-6 might be served more extensively. Actually, it has not been determined whether the correct amino-and carboxyl-terminal portions of GATA-6 are present in the protein of the reduced size or not [4] . In this study we addressed this point by expressing human GATA-6 with human influenza hemagglutinin (HA)-and Myc-tags, and we suggest that the region between Glu-31 and Cys-46 contributes to the unfolded structure of L-type GATA-6. We further demonstrated that the L-type GATA-6 is translated in established human cancer cell lines and is localized in their nuclei.
MATERIALS AND METHODS

Cell Culture
Cos-1 (ATCC) and A549 (RIKEN Cell Bank) cells were grown in Dulbecco's modified Eagle medium (GIBCO). CHO-K1 cells were cultured in Ham's F-12 medium (GIBCO). An expression plasmid was introduced into the cells by means of the diethylaminoethyl-dextran method, as described previously [4] . Cells were grown in 5 ml of culture medium for 48 hrs before harvesting. Protease inhibitors [20 μM benzyloxycarbonyl-Leu-Leu-norvalinal (MG115), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 50 μM [(2S,3S)-3-Ethoxycarbonyloxirane-2-carbonyl]-L-leucine (3-methylbutyl)amide (E-64d)] were added at 24 hr before harvesting as a dimethyl sulfoxide solution (10, 25 and 25 μl/5ml medium, respectively). DLD-1 and HCT-15 (Cell Research Center for Biomedical Research, Tohoku University), and RKO (ATCC) cells were grown in RPMI-1640 medium (GIBCO). All the media were supplemented with 7% (v/v) fetal bovine serum (JRH Biosciences).
Construction of Expression Plasmds for GATA-6 with HA-and Myc-Tags
To construct an expression plasmid for L-type GATA-6 with an amino-terminal HA-tag, phosphorylated doublestranded oligonucleotides (KO003/KO004 and KO005/ KO006 pairs, Table 1 ) were inserted between the XhoI and EcoRV sites of pBluescript II SK(+). The XhoINheI fragment of the resulting plasmid was replaced with the corresponding fragment of pME-hGT1L5'uL or pMEhGT1L5'ΔEuL [4] . The constructs were named pMEhGT1LHA and pME-hGT1LΔEHA, respectively ( Figure  1(a) ).
To introduce an Myc-tag to the carboxyl-terminus of L-type GATA-6 with an amino-terminal HA-tag, synthetic DNA encoding an Myc-tag (KO013/KO014) was inserted between the unique AvrII and SpeI sites of pBluescript-KaeI encoding a fusion protein of S-type GATA-6 and carboxyl-terminal half of SREBP-2 [7] . The AccI-SpeI fragment was substituted with pMEhGT1LHA or pME-hGT1LΔEHA to construct pME-hGT1LHA-Myc and pME-hGT1LΔEHA-Myc, respectively ( Figure  1(b) ). The DNA sequence was confirmed by the dideoxy chaintermination method [8] using sequencing primers listed in the Table 1 . The molecular biological techniques were performed by the published methods [9] .
SDS-Polyacrylamide Gel-Electrophoresis and Western Blotting
A nuclear extract (10 μg protein) of transfected cells [4] was subjected to sodium dodecyl sulfate (SDS with an amino-terminal HA-tag (pME-hGT1LHA and pMEhGT1LΔEHA) were constructed as described in Materials and Methods using phosphorylated double-stranded oligonucleotides ( Table 1 ) and pME-hGT1L5'uL or pME-hGT1L5'ΔEuL (a). An Myc-tag was introduced to the carboxyl-terminus of L-type GATA-6 with an amino-terminal HA-tag (pME-hGT1-LHA-Myc and pME-hGT1LΔEHA-Myc) (b).
specific polyclonal antibody GATA-6N recognizing human S-type GATA-6 (Leu59 -Gln217) [6] was used as the first antibody (×500 diluted). Horseradish peroxidaselinked donkey anti-rabbit immunoglobulin (×4000 diluted) (GE Healthcare) was used as the second antibody.
Chemiluminescence was detected with a Western blotting kit (GE Healthcare) using Scientific Imaging Film (KODAK).
The HA-tag was detected with HA-7 (×10,000 diluted) (Sigma), followed by horseradish peroxidase-linked antimouse IgG (GE Healthcare) (×4000 diluted) as the second antibody. The Myc-tag reacted with the peroxidaselinked mouse anti-c-Myc antibody (MC045, Nacalai Tesque) (×1500 diluted). Reprobing was carried out as follows. The membrane was treated with buffer [2% (w/v) SDS, 100 mM β-mercaptoethanol, 62.5 mM Tris-HCl (pH 6.7)] for 30 min at 50˚C, blocked overnight at 4˚C, and then reacted with the antibody in the same way as for GATA-6N. The amino acid residue numbers were based on the sequence of the S-type GATA-6 [6] . Protein concentrations were determined with a BCA Protein Assay (Pierce) using bovine serum albumin (Fraction V, Sigma) as a standard [11] .
Immunoprecipitation of GATA-6 from Nuclear Extracts of Various Human Cancer Cells
All the procedures were carried out at 4˚C. Cells/Φ10 cm dish were collected in a 1 ml of ice-cold 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 10 μg/μl leupeptin, 10 μg/μl pepstatin A (TNE buffer) containing 1% (w/v) NP-40 and kept on ice for 30 min. After sheering the suspension 5 -10 times through a 25 G needle, a supernatant (12,000 × g, 30 min) was obtained. Protein G Sepharose beads (GE Healthcare) were pre-washed with TNE buffer containing NP-40. An aliquot of the supernatant (0.8 mg protein in 400 μl) was incubated with Protein G Sepharose beads (40 μl bed volume) for 1 hr in a Mini Disk Rotor BC-710 (BIO CRAFT) [12] , and then centrifuged (2000 × g, 5 min). The Protein G-treated supernatant was reacted with anti-GATA-6 (C20; Santa Cruz) for 1 hr in the rotor. The prewashed Protein G Sepharose beads (40 μl bed volume) were added, followed by incubation for 1 hr. The beads were precipitated (2000 × g, 5 min) and then washed five times with 200 μl of TNE buffer without NP-40 and protease inhibitors. The recovered immunocomplex was heated at 95˚C for 5 min after the addition of 10 μl of 2× sample buffer [10] . The solubilized protein was subjected to SDSpolyacrylamide gel-electrophoresis, and then to Western blotting with the GATA-6N antibody.
Reporter Gene Assay
In each well of a 6-well culture plate, 1 × 10 5 CHO-K1 cells were seeded into 2 ml Ham's F12 medium containing 7% (v/v) fetal bovine serum, and then cultured for 24 hr. Lipofectamine TM (Invitrogen) was used for transfection (duplicate) of plasmid DNA mix, reporter plasmid p8GATA/GL3 [4] carrying a hybrid promoter with three tandem Rβ 2 segments of rat H + /K + -ATPase β subunit gene promoter [13] and the short segment of rat intrinsic factor gene promoter [14] (1 μg), GATA-6 expression plasmid (0.6 μg of pME-hGT1S, pME-hGT1LK, pMEhGT1LEK or pME18S), and pSV-β-Gal (0.5 μg) per well as described previously [4] . Lysis buffer (90 μl) was added at 53 hrs after the start of transfection, and a cell lysate was prepared (12,000 × g, 10 min at 4˚C). An aliquot (20 μl and 5 μl) of the supernatant was used for measurement of the luciferase and β-galactosidase activties, respectively [4] . The activity was normalized as to the β-galactosidase activity.
Chemicals
Restriction enzymes were purchased from NEB and Toyobo. T4 DNA ligase and Agarose-LE Classic Type were supplied by TaKaRa. T4 polynucleotide kinase and calf intestine phosphatase were obtained from NEB. Ampli Taq was from Roche. Oligonucleotides were purchased from Invitrogen. Leupeptin, pepstatin A and PMSF were provided by Sigma. MG115 and E-64d were from the Peptide Institute. All other chemicals used were of the highest grade commercially available.
RESULTS
Detection of Amino-and Carboxyl-Termini of the L-Type GATA-6 of Apparent Reduced Size
In our previous study [4] , deletion of the PEST sequence (ΔEX with 506 residues) unusually reduced the protein molecular size on SDS-polyacrylamide gel-electrophoresis compared with the other deletion with similar amino acid residue number (ΔSB with 507 residues carrying the PEST sequence). To examine whether the apparent increased mobility of the ΔEX recombinant protein could be due to proteolytic processing or not, we added amino-and carboxyl-terminal tags. Both the L-type and S-type GATA-6 proteins with an amino-terminal HA-tag produced from pME-hGT1LHA and pME-hGT1LΔEHA (Figure 2(a) , lanes 4 and 5) were essentially the same size as those produced from pME-hGT1L and pME-hGT1LΔEX, respectively, (Figure 2(a), lanes 2 and 3) , as determined with polyclonal antibodies for S-type GATA-6. Furthermore, the L-type GATA-6 with or without the PEST sequence has an amino-terminus, since a HA-tag was detectable (Figure  2(b), lanes 4 and 5) . The S-type GATA-6 detected in Figure 2 (a) (lanes 4 and 5) did not react with antibodies to a HA-tag since it was produced through leaky ribosome scanning (Figure 2(d) ) [4] .
When the L-type with an amino-terminal HA-tag and a carboxyl-terminal Myc-tag was expressed from pMEhGT1LHA-Myc or pME-hGT1LΔEHA-Myc, the molecular sizes of both the L-type and S-type GATA-6 slightly Figure 2 . Detection of the amino-and carboxyl-termini of GATA-6 of reduced size. Cos-1 cells were transfected with pME-hGT1L, pME-hGT1LΔEX, pME-hGT1LHA, pMEhG-T1LΔEHA, pME-hGT1LHA-Myc, pME-hGT1LΔEHA-Myc or pME18S (mock transfection). After two days, nuclear extracts were prepared, then analyzed by Western-blotting with antibodies for hGATA-6N (a), HA (b), and Myc (c). The positions of the L-type GATA-6 with or without the PEST sequence are indicated by asterisks, and those of the S-type GATA-6 are indicated by arrows in (a) and (c). Lanes 6 and 7 in (a) were exposed extensively and are shown at the right of panel (a). The expression plasmids introduced are schematically shown in (d). The closed arrows indicate the translation of L-type GATA-6, while the open arrows indicate that of S-type GATA-6 through leaky ribosome scanning [4] . The dotted, grey-colored and closed boxes indicate the PEST sequence, HA-tag and Myc-tag, respectively. increased (Figure 2(a), lanes 6 and 7) . The L-type with or without the PEST sequence had a HA-tag while the S-type did not (Figure 2(b), lanes 6 and 7) . Both L-type and S-type GATA-6 had an Myc-tag, as detected with the antibodies for an Myc-tag (Figure 2(c), lanes 6 and 7) . From these results it is evident that the L-type with or without PEST sequence had both amino-and carboxyltermini, and that the decrease in the molecular weight of the L-type is due to a structural reason, but not to proteolytic degradation.
Transcriptional Activation Competency of L-Type GATA-6 with or without the PEST Sequence in the Reporter Gene Assay
A plasmid construct with the Kozak sequence around the initiator Met-codon for L-type GATA-6 (pME-hGT1L5'K and pME-hGT1L5'ΔEK) produced only the L-type [4] . Then we examined whether the L-type GATA-6 with or without the PEST sequence functions differently in terms of transcriptional activation of the GATA-responsive reporter gene [4, 15] . As shown in Figure 3 , the expression of the L-type from pME-hGT1L5'K showed strong activation of the reporter gene compared with that of the S-type from pME-hGT1S, essentially similar to as previously reported [4] . Interestingly, the expression of the L-type without the PEST sequence from pME-hG-T1L5'ΔEK did not activate the reporter gene significantly, the activation level being comparable to that in the case of the S-type. Thus, the PEST sequence positively affects the transcriptional activity of GATA-6.
Detection of L-Type GATA-6 in Cultured Cells
Although L-type GATA-6 is reproducibly detectable in a transiently expression system, it is important to demonstrate the native L-type in tissues and cultured cells. So Figure 3 . Transcriptional activities of Ltype GATA-6 with or without the PEST sequence, and S-type GATA-6. Expression plasmids for L-and S-type GATA-6 (pME-hGT1L5'K and pME-hGT1L5'Δ EK, and pME-hGT1S, respectively) were introduced into CHO-K1 cells together with a reporter gene plasmid (p8GATA/ GL3) plus a β-galactosidase expression plasmid [4] . Luciferase activities were normalized as to those of the β-galactosidase. The relative activities as to mock transfection (pME18S instead of expression plasmids for GATA-6) are shown with the deviation for two independent experiments. The average value for pME 18S (Mock) was 9.5 (0.1) × 10 5 (RLU/ mU). S, S-type GATA-6 expression from pME-hGT1S; L, full-length L-type expression from pME-hGT1L5'K; ΔL, expression of the L-type without the PEST sequence from pME-hGT1L5'ΔEK.
we evaluated the GATA-6 expression in human cancer cells (cololectal DLD-1, RKO and Hct 15, and lung A549). It must be noted that S-type GATA-6 was detected in DLD-1 and RKO cells [16] , and the GATA-6 gene was transcribed in A549 cells [17] . So we examined whether the L-type GATA-6 is expressed in these cells or not. A nuclear extract of these cells was immuno-precipitated with antibodies recognizing carboxyl-terminal GATA-6 and detected by Western blotting with antibodies for amino terminal GATA-6.
As shown in Figure 4 , L-type GATA-6 was present in all cells examined (lanes 3 -6), and was indistinguishable from the L-type protein transiently expressed from pME-hGT1L in Cos-1 cells (lane 1). When only L-type GATA-6 was expressed from pME-hGT1L5'K in Cos-1 cells and was immuno-precipitated, a similar band to that of L-type GATA-6 was detected (lane 2). A corresponding band was not detected without a nuclear extract (lane 7). The S-type GATA-6 (denoted by white arrow heads in lanes 3 -6) was overlapped in the intense bands (denoted by brackets in lanes 2 and 7). Thus, the role of GATA-6 in gene regulation must be carefully studied considering L-type GATA-6.
DISCUSSION
Deletion of amino acid residues Glu-31 -Cys-46 that con- Figure 4 . Detection of L-type GATA-6 in human cancer cell lines. Nuclear extracts were prepared from A549, Hct 15, RKO and DLD-1 cells, and then incubated with GATA-6 (C20) antibodies, followed by Protein G beads treatment. The bound proteins were subjected to SDS-polyacrylamide gel-electrophoresis and Western blotting. GATA-6 was detected with hGATA-6N antibodies (lanes 3 -6). L-type GATA-6 was similarly recovered from a nuclear extract of Cos-1 cells transfected with pME-hGT1L5'K only expressing L-type GATA- OPEN ACCESS stitute the PEST sequence together with the neighboring Arg residues (Arg-30 and Arg-48) [6] decreased the apparent molecular weight of L-type GATA-6 on SDSpolyacrylamide gel-electrophoresis. Re-introduction of the correct amino acid sequence restored its molecular size, while an unrelated sequence did not [4] . Such a reduction in molecular size could not be ascribed to partial digestion of the L-type GATA-6, since it had aminoand carboxyl-termini (Figure 2) . Proline-rich insect viral protein is known to exhibit abnormally low mobility on SDS-polyacrylamide gelelectrophoresis [18] . Furthermore, a carboxyl-terminal fragment of bacterial σ 70 -factor with the TrpGly mutation has a decreased helical content, resulting in slower mobility on an SDS-gel [19] . Thus, the L-type GATA-6 with the PEST sequence is unpacked, especially in the amino-terminal region. Such a structure would retard its mobility on a gel. It must be further mentioned that the present study suggests additional role of the PEST sequence other than protein degradation signal [6] .
It has been reported that a Pro-rich sequence often interacts with other proteins; DNA damage specifically induces p53 phosphorylation of Ser/Thr-Pro motifs, facilitating their interaction with peptidyl-prolyl isomerase, which stimulates the DNA-binding and the transactivation function of p53 [20] . Furthermore, the proline repeat (PXXP) domain of p53 binds directly to transcriptional coactivator p300 and the DNA-bound p53 is susceptible to acetylation by associated p300 [21] . The PXXP and PPXY motifs of the p63 variant are also required for the transcriptional activity [22] . It would be of interest to determine whether or not the Pro-rich half of the PEST sequence in L-type GATA-6 interacts with other regulatory protein(s), since the activation potential of L-type GATA-6 with the PEST sequence is higher than that without the PEST sequence.
In this study, we also found the expression of L-type GATA-6 in human colon and lung cancer cells. Furthermore, the L-type is exclusively detected in tissues such as human adrenal [23] , and mouse embryonic heart myocardium, gut, pulmonary system and chondrogenesis sites [24] . It is suggested that GATA-6 plays important roles in regulation of the cell cycle [25] and apoptosis [16] . Furthermore, GATA-6 expression is interested in from the viewpoint of controlling the differentiation or maintenance of embryonic stem cells in vitro [26] . Thus, studies focused on both L-and S-type GATA-6 will provide valuable information in the relevant fields, as the presence of L-type GATA-6 has not been considered. 
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